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Abstract:We perform a comparison study of the Constrained Minimal Supersymmetric Standard
Model and Constrained General Gauge Mediation with and without a heavy Dirac gluino. These
extremely simple models have very few free parameters and exhibit the characteristic features of
supersoftness and supersafeness. We determine the characteristic low energy spectra, the production
cross sections of key processes at the Large Hadron Collider and the degree of fine tuning for a
representative range of parameters for each model.
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1 Introduction
In light of the data taken by the ATLAS and CMS collaborations during Run I of the Large Hadron
Collider (LHC), many popular Ultraviolet (UV) completions of the Minimal Supersymmetric Stan-
dard Model (MSSM) are now severely challenged as ‘natural’ realisations of microscopic physics:
• The discovery of a particle closely resembling the Standard Model (SM) Higgs Boson [1, 2]
with a mass mh = 125.9± 0.4 GeV [3] typically requires one loop corrections to its mass to
be the same order as its tree level contribution1
m2h ' m2Z c22β +
3
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(1.1)
if it is identified with the lightest Charge Parity (CP) even neutral MSSM scalar. Here
Xt = At−µ cot(β) is the stop mixing parameterk β is the ArcTan of the Two Higgs-Doublet
Model (2HDM) vacuum parameters
〈Hu〉 =
1√
2
(0 vu)
T , 〈Hd〉 =
1√
2
(vd 0)
T , tβ ≡ vu
vd
(1.2)
and µ is the Higgsino mass parameter. Without increasing the field content beyond the
MSSM, raising the Higgs mass this leaves residual tuning in electroweak minimisation con-
ditions.
• The non-observation of strongly interacting sparticles by ATLAS (CMS) has put stringent
bounds on gluino and squark masses: mg˜ & 1350 (1000 − 1200) GeV, mq˜ & 780 (780) GeV
in simplified models with degenerate squark masses and a neutralino Lightest Ordinary Su-
persymmetric Particle (LOSP) with mass mχ˜01 = 0 (mχ˜01 < 80) GeV [4, 5]. If the stops and
gluinos are heavy for the entire Renormalisation Group (RG) flow they lead to a large loga-
rithmic dependence of Electroweak Symmetry Breaking (EWSB) upon the UV parameters.
There are many ways of reducing tuning. A well studied example is the Next to Minimal
Supersymmetric Standard Model (NMSSM) which adds to the MSSM a SM gauge singlet chiral
superfield which acquires a Vaccum Expectation Value (VEV) to dynamically solve the µ-problem.
New quartic Higgs interactions are present which raise the tree level Higgs mass so that a smaller
fraction is required from radiative corrections. Unfortunately, these interactions are suppressed at
large tβ , where the D-term contributions to the tree level Higgs mass are maximised. Typically
mt˜ ∼ 1 TeV is required if perturbativity holds all the way to the Grand Unified Theory (GUT) scale
[6, 7], leaving the NMSSM with a little hierarchy problem. If one also adds a hypercharge neutral
SU(2)L triplet as is done in the Triplet Extended NMSSM, further quartic Higgs interactions can
be induced that allow the correct Higgs mass to be achieved at tree level, removing heavy stops as
1 We use cθ ≡ cos(θ), sθ ≡ sin(θ) and tθ ≡ tan(θ) throughout.
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a requirement [8, 9]. The direct constraints on the gluino and squarks stops still remain however,
so this is not a complete solution.
Solutions accounting for the non-observation of Supersymmetry (SUSY) are also available:
compressed spectra [10–12] softens jet activity, R Parity Violation ( R) reduces the about of Miss-
ing Transverse Energy ( ET ) [13] and Flavoured Gauge Mediation (FGM) [14, 15] can break the
squark mass degeneracy, weakening the reduced limits at current experiments. Combining these
mechanisms with models that generate natural spectra can give a plausible explanation of SUSY
non-observation and the Higgs mass.
Instead of using a combination of the above, one can use a Dirac gluino to achieve both. A
Dirac gluino doesn’t enter the scalar Renormalisation Group Equations (RGEs) at one loop. This
is known as supersoftness. The Dirac gluino does however give the squarks a one loop threshold
correction at the Dirac gluino mass, acting as a low scale messenger for the strong sector of the SM.
In this situation, larger mt˜ can be more acceptable as the RG running will be shorter and so will
induce smaller corrections to the parameters involved in EWSB [16]. The electroweak sector will
then less UV sensitive. Models with Dirac gauginos have been studied in a wide range of scenarios
[16–64]. The simplest known way of generating a Dirac gluino mass mD3 is to generate it at the
messenger scale M by integrating out the messenger sector coupled to a source of D term breaking
δmD3 =
g˜ A˜3
D′
M
=
y g3
16pi2
D′
M
, (1.3)
where D′ is the SUSY breaking D-term VEV of a U(1)′ gauge group in the hidden sector: 〈W ′α〉 =
θαD
′ and M is the messenger scale and y is couples vector-like messengers (Φ, Φ¯) to the chiral field
A3 containing the right handed component of the Dirac gluino g˜R = (A˜3)
†
WMess =
√
2 y Φ¯A3 Φ +M Φ¯ Φ. (1.4)
This theory is RG evolved to the physical Dirac gluino mass where we must switch to an effective
theory with the gluino and the sgluons integrated out. This generates one loop threshold corrections
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for the squarks
δm2q˜ =
q
+ +
+
φ3
q˜
=
C2(, 3) g23m2D3
4pi2
log
(
m2φ3
m2D3
)
, (1.5)
where C2(, 3)2 is the quadratic Casimir for the fundamental representation under the gauge group
SU(3)C, and
m2φ3 = m
2
3 + 4m
2
3D +B3, m
2
σ3 = m
2
3 −B3, (1.8)
are the soft masses squared for the CP-even φ3 and CP-odd σ3
3 that we will refer to as the sgluon
and pseudosgluon (collectively as sgluons for simplicity). Here, m23 is the sgluon soft mass squared
and B3 is the sgluon bilinear term (see sec. 2.2.2). The theory is then RG evolved to the SUSY scale
mSUSY which we take to be the geometric stop mass mSUSY =
√
mt˜
1
mt˜
2
where the renormalisation
scale dependence for the calculation of the spectrum is minimised [65–67].
If the majority of the squark mass is generated through integrating out the gluino and its
corresponding scalar degrees of freedom, the sensitivity of electroweak parameters to the parameters
defined at M is reduced as the most sensitive period of running is now effectively from mD3 rather
than M to mSUSY. It is straightforward to give Dirac masses to all of the gauginos in the MSSM in
this way, each accompanied by analogous threshold corrections to the scalar spectrum, though this
can introduces further complications such as tachyons and electroweak precision measurements.
The dominant diagram for squark production at the LHC in the MSSM is t-channel gluino
exchange which requires the presence of the chirality flipping Majorana gluino propagator (see
fig. 1). With a purely Dirac gluino this is essentially negligible. For a characteristic Majorana
2 We use C2(r, i) to denote the quadratic Casimir of the representation r under the i
th gauge group. In
this paper we use
C2(, N) = C2(¯, N) =
N2 − 1
2×N , C2(Ad, N) = N (1.6)
for SU(N) gauge groups and
C2(q, 1) = q
2 (1.7)
for U(1) gauge groups, where q is the charge under that gauge group.
3 We decompose A3 as
A3 =
1√
2
(φ3 + i σ3). (1.9)
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Figure 1. The dominant tree-level contribution to squark-squark production at the LHC requires a
chirality flipping Marjoana gluino propagator. This is absent in models with Dirac gluinos, greatly
the suppressing squark-squark production cross-section.
gluino spectrum, where squarks should be at least as heavy as gluinos from a UV perspective [68],
the relevant bounds from ATLAS and CMS are mq˜ = mg˜ & 1700 − 1800 GeV for mLSP . 700
GeV. In a supersoft model, gluinos are naturally absent from the spectrum, the ATLAS (CMS)
bounds on first two generation squarks are moderately reduced to mq˜1,2 & 850 (780) GeV with
mLSP = 0 and no bound with mLSP & 300 GeV, rendering them supersafe [44, 55, 56]. The number
of events involving electroweak sparticles at the LHC will also be reduced as the dominant processes
with these sparticles as final states are those of the decay chains of the gluinos and squarks whose
production is suppressed.
We will first construct two simple models that that have the following properties:
• Natural from the point of view of EWSB — electroweak sparticles all at electroweak scale.
• A minimal set of free parameters in the UV.
• Supersoftess to reduce fine tuning.
• Supersafeness to aleviate collider bounds.
We will then implement these models and the supersoft mechanism into a spectrum generator and
perform a study, discussing the consequences for hadron collider phenomenology and fine tuning.
2 Constrained Dirac gluino mediation
2.1 Overview
As the LHC is a proton-proton collider, the non-observation of SUSY, and particularly of gluinos,
indicates that the strongly interacting SUSY particles should be moderately heavy to evade exclu-
sion. To achieve this, we supplement the Constrained Minimal Supersymmetric Standard Model
(CMSSM) and Constrained General Gauge Mediation (CGGM) with a Dirac gluino. We will refer
to these scenarios as Constrained Dirac gluino mediation. Due to the one loop supersoft nature of
the Dirac gauginos, the higher scale of the strong sector is not transferred to the electroweak sector
through RG running, and so electroweak sparticles can remain light (depending on the region of
parameter space). Specifically, we couple SU(3)C × SU(2)L × U(1)Y to either the CMSSM or the
CGGM, and couple only SU(3)C to a sector of D term breaking to the mechanism of [16] (see fig. 2
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Figure 2. The different sectors used in our setup.
for the CGGM setup). The field content is the same as the MSSM plus the chiral superfield A3
detailed in table 1. The A3 is often referred to as an Extended Superpartner (ESP) due to its
potential origin as the chiral superfield component of N = 2 vector multiplets.
We will now recap the effects of integrating out a messenger sector in terms of the presence of
D term SUSY breaking before moving on to discuss the full UV boundary conditions of the model.
2.2 Boundary conditions at the Messenger scale
2.2.1 D-term breaking effective operators
Fox, Nelson and Weiner (FNW) [16] identified two operators generated by D-term breaking in the
presence of ESPs
L(1)Supersoft =
√
2
∫
d2θ
W ′ · Wa3 Aa3
M
=
D′
M
(
i g˜a · A˜a3 +
√
2Aa3 D
a
3
)
+ · · ·
= mD3
(
i g˜a · A˜a3 +
√
2Aa3 D
a
3
)
+ · · · , (2.1)
L(2)Supersoft =
∫
d2θ
W ′ · W ′Aa3 Aa3
M2
=
(
D′
M
)2
Aa3 A
a
3
= B3A
a
3 A
a
3 , (2.2)
where M is the scale of physics integrated out to generate the operators in eqs. 2.1, and 2.1, and
D′ is the VEV of a hidden sector U(1)′: 〈W ′α〉 = θαD′. The “ · · · ” in eq. 2.1 correspond to
operators that vanish upon including their hermitian conjugates. In a messenger setup, both of
these operators are generated at one loop, leading to a tachyon in the spectrum. Indeed, this is the
original reason for abandoning these models [17]. There is one further operator generated at two
loops by D-term breaking identified by Csa´ki et al. [58]
L(1)Not supersoft =
∫
d4θ
S†eV S + S˜†e−V S˜
M2
A†3A3 =
(
D′
M
)2
A†3A3
= m2A3 A
†
3A3 (2.3)
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SU(3)C SU(2)L U(1)Y
A3 Ad 1 0
Table 1. Additional field content required to give a Dirac mass to the gluino.
where S and S˜ are singlets under the SM but charged under the U(1)′. These give rise to the
non-vanishing D′ ∝ |S|2− |S˜|2 and break the U(1)′ gauge symmetry. Note that the operator in eq.
2.3 is still picks out a coefficient ∼ (D′/M)2. Upon introducing messenger mixing, 2.3 is generated
at one loop instead of two, and then the mixing freedom can be used to tune4 2.2 to be two loop
size [29, 34, 58]. We then find the phenomenologically acceptable boundary conditions
mD3 ∼ 1
16pi2
D′
M
, m2A3 ∼
1
16pi2
(
D′
M
)2
, B3 ∼ ε
16pi2
(
D′
M
)2
, (2.4)
where ε ∼ 1/(16pi2) is a parameter that arises due to a cancellation between different contributions
to B3
5 . Note that the operator 2.3 is not supersoft at two loops, however, and will generate
KSfermion =
∫
d4θ
S†eV S + S˜†e−V S˜
M2
q† q (2.5)
as can be observed from the squark two loop beta function
(16pi2)2β
(2)
m2q
= 32 g23m
2
A3 + · · · . (2.6)
Supersoftness is then broken at two loops, rendering a UV sensitivity to the scale at which the
Dirac gluino mass is generated [69].
2.2.2 Combined D and F term
Upon integrating out the messenger sector, we still have the MSSM superpotential
WMSSM = yu u q ·Hu − yd d¯ q ·Hd − ye e¯ ` ·Hd + µHu ·Hd (2.7)
and a soft lagrangian conveniently decomposed into
LSoft = LFSoft + LDSoft. (2.8)
4 The tuning is typically O ( 1
16pi2
)
.
5 Strictly this is a cancellation between terms linear and quadratic in D′, though this is not so important
for our discussion.
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LFSoft is the standard soft lagrangian of the MSSM supplemented with A3
−LFSoft =
1
2
(
M3 g˜ · g˜ +M2 W˜ · W˜ +M1 B˜ · B˜ + h.c.
)
+
(
au u q ·Hu − ad d q ·Hd − ae e¯ ` ·Hd + h.c.
)
+m2q |q|2 +m2u|u|2 +m2d|d|2 +m2` |`|2 +m2e |e¯|2 +m2AF3 |A3|
2
+ (B3A3A3 + h.c.)
+m2H
u
|Hu|2 +m2Hd |Hd|
2 + (Bµ Hu ·Hd + h.c.), (2.9)
where the Mi are the Majorana gaugino massses, ai are the scalar trilinears, the m
2
i are the soft
masses squared and the Bi are the scalar bilinears. The boundary conditions for these terms at
mGUT in the CMSSM are [70]
m2
f˜
= m20, f˜ = q,u,d, `, e,Hu,Hd, A
F
3 , (2.10)
Mi = M1/2, i = 1, 2, 3, (2.11)
ai y
−1
i = A0, i = u,d, e, (2.12)
with Bµ and µ determined from EWSB at the low scale
m2Z =
m2H
d
−m2H
u√
1− s22β
−m2H
u
−m2H
d
− 2 |µ|2, (2.13)
s2β =
2Bµ
m2H
u
+m2H
d
+ 2 |µ|2 (2.14)
and B3 = 0 for simplicity. The boundary conditions at mMess for General Gauge Mediation (GGM)
are [71]
Mi =
g2i
16pi2
ΛGi , i = 1, 2, 3, (2.15)
ai = 0, i = u,d, e, (2.16)
m2
f˜
= 2
3∑
i=1
C2(r
i
f˜
, i) ki
g4i
(16pi2)2
Λ2Si , f˜ = q,u,d, `, e,Hu,Hd, A
F
3 , (2.17)
with Bµ and µ again determined from EWSB at the low scale as in eqs. 2.13 and 2.14. C2(r
i
f˜
, i)
is the quadratic Casimir of the representation ri
f˜
under the ith gauge group (see eqs. 1.6 and 1.7)
and ki = (3/5, 1, 1) is the standard GUT normalisation. To compare like with like, we will take the
CGGM parameter space
ΛGi = ΛG, ΛSi = ΛS , i = 1, 2, 3, (2.18)
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and looking along the line ΛS = ΛG gives the boundary conditions of the Minimal Gauge Mediated
Supersymmetry Breaking (mGMSB) [72–74] subspace of models originally developed in [75–80].
We concede that we have not solved the Bµ problem of Gauge Mediated Supersymmetry Breaking
(GMSB). With a future study one could take supplement GMSB with a Dirac gluino. Then as was
studied in [81–84] tβ would be taken as an output rather than input, and a small value of Bµ would
be specified at the high scale. LDSoft contains the operators, including the non-standard soft terms
[85] generated by the D-term SUSY breaking discussed in 2.2.1
−LDSoft =
(
imD3 g˜
a · A˜a3 + h.c.
)
+
m2φ3
2
φ23 +
m2σ3
2
σ23
+ 2 g3mD3 φ
a
3
(
q† T a q + u† T a u + d
†
T a d
)
, (2.19)
where φ3, σ3, m
2
φ3
and m2σ3 are as defined in eqs. 1.9 and 1.8 and the T
a are the generators of
SU(3)C in the fundamental representation. The second line in 2.19 is the origin of the supersoftness
of these models, and provides the additional interaction required for the diagram on the second line
of 1.5, cutting off the sensitivity to the UV scale where mD3 is generated. Finally, for both the
CMSSM and CGGM we take
mD3 =
1
16pi2
ΛD, m
2
AD3
=
c21
16pi2
Λ2D, B3 = 0, (2.20)
where c1 represents O(1) mixings in the messenger sector that have been tuned to make B3 phe-
nomenologically negligible as already discussed.
2.3 One loop threshold corrections at the Dirac gluino mass
2.3.1 Significance
The Dirac gluinos and the sgluons play the role of messengers D-term SUSY for the strongly
interacting sparticles. As our calculation will be performed in DR , a mass-independent scheme,
in order to treat the large hierarchy between the gluino mass and the rest of the SUSY spectrum
correctly, we integrate out the gluino and the sgluons, resulting in shifts of the parameters at the
gluino mass. This leads to a different behaviour of the RG compared to the MSSM. The most
important contributions to take into account are the corrections to squark masses and to the strong
gauge coupling g3. We will see that this alters where EWSB occurs and can increase the naturalness
of these models.
2.3.2 Threshold corrections
Squark masses: The gluino in these models is not pure Dirac, although in some regions of
parameter space this may be approximately true. Consequently, instead of using the analytic
formulae in eq. 1.5, we will numerically compute the full 1-loop threshold correction to squark
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masses6
m2q˜ → m2q˜ −Πg˜q˜ (mq˜ )−Πφ3q˜ (mq˜ ) (2.21)
where
Π
g˜
q˜ (p) =
g23
6pi2
|(Zg)i,1|2 G0(p,mg˜
i
, 0), Πφ3q˜ (p) =
g23
3pi2
m2D3B0(p,mq˜ ,mφ3) (2.22)
and Zg is the matrix that diagonalises the gluino mass matrix mg˜
mg˜ =
 M3 mD3
mD3 0
 , Zgmg˜ Z†g = diag(mg˜1 ,mg˜2) (2.23)
where mg˜ is in the (g˜, A˜3) basis. B0 and G0 are scalar integrals [86, 87].
Strong gauge coupling: The 1-loop threshold corrections to g3 at mD3 are [88]
g3 → g3
{
1± g
2
3
16pi2
[∑
i
log
(
m2g˜
i
m2D3
)
+
1
4
log
(
m2φ3
m2D3
)]}
(2.24)
where the positive (negative) contribution occurs when running from the UV (Infrared (IR)) to the
IR (UV) and all parameters are evaluated at the renomalisation scale µ(mD3) = mD3.
Quark masses: We do not implement the quark mass threshold corrections from the gluinos
and sgluons. To correctly do this would be quite technical and we anticipate that the overall
impact on the areas we are interested in (such as the SUSY spectrum, EWSB and tuning) should
be minimal; correction of this kind must be proportional to chiral symmetry breaking and since the
quarks are essentially massless at mD3 the remaining correction is proportional to the Majorana
gluino mass. For the top quark [86]
δmt = − g
2
3
12pi2
sin(θt˜)M3
[
B0(0,M3,mt˜1
)−B0(0,M3,mt˜2)
]
, (2.25)
where θt˜ is the stop mixing angle. This will alter the yukawa couplings in the UV and hence only
affect the running of UV parameters that depend on the yukawa couplings. We expect the low
energy physics to be largely unaffected however, and instead we include the loop contributions to
the quark masses from gluinos and sgluons at mZ and mSUSY. By doing this we making a systematic
error proportional to (16pi2)−2 × log(mD3/mSUSY)× log(mGUT /mSUSY) . 0.1%.
6 There is no contribution from Πσ3q˜ (mq˜ ) as the σ3 coupling to squarks is zero.
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Sparticle Lower Mass Limit at 95 % CL (GeV) Reference
Neutralino (stable) 45.5 [3]
Neutralino (unstable) 96.8 [97, 98]
Sneutrino 41 [3]
Chargino 103.5 [99, 100]
Sleptons 100.2 [101]
Table 2. The strongest most model independent non-hadron collider limits on LOSP and NLSP
masses. The lightest neutralino χ˜01 is assumed to be bino-like, and allowed to decay to the gravitino
G˜ in GMSB, emitting a photon.
3 Numerical setup
We use the standard top-down approach where we fix a set of UV boundary conditions at either
mGUT in the CMSSM or mMess in CGGM. The low energy spectrum is found through RG evolution,
and then the corresponding flavour observables and fine tuning are calculated.
To achieve this, we have used the Mathematica package SARAH 4.3.0 [89–94] to generate source
code for the spectrum generator SPheno 3.3.2 [95, 96]. SPheno solves the RG equations taking into
account the presence of the Dirac gluino at one and two loops. This program then calculates the
one loop masses for all particles in the model, the branching ratios for all kinematically allowed
two body decays and the branching ratios for three body decays involving intermediate W and Z
bosons.
The UV boundary conditions discussed in section 2.2.2 are implemented we can solve the
EWSB minimisation conditions for µ and Bµ. We only study the µ > 0 case in order to maximise
the effect from stop mixing upon the Higgs sector. The SPheno code has been modified to include an
intermediate step in RG running where the gluino and its corresponding scalar degrees of freedom
are integrated out at the gluino mass. This implements the EWSB mechanism of supersoft models
outlined in [16]. The masses for the gluino and the real sgluon are calculated at the this intermediate
scale instead of mSUSY. A schematic of this algorithm is shown in fig. 3.
4 Spectra
On each of the parameter space plots we include the relevant limits on SUSY particle masses. As
production cross section is suppressed for all SUSY particles in models with Dirac gluinos (shown
in section 5), we take only the strongest most model independent limits available set by lepton
colliders, outlined in table 2. For the CMSSM, the stable neutralino limit is applied, whereas for
CGGM the unstable limit is used instead. The red, purple and green solid lines indicate the limit
on the slepton, neutralino and sneutrino masses, and the blue dashed line indicates the limit on the
chargino masses.
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Calculate and save gi(mZ), yi(mZ) at tree level.
?
Run to mGUT at 1-loop with gluinos. Apply UV boundary conditions. Find mD3 at 1-loop.
?
Get saved gi(mZ), yi(mZ) at tree level.
?
Run to and save mD3 at 1-loop without gluinos. Run to mGUT at 1-loop with gluinos.
?
Apply UV boundary conditions. Run to saved mD3 at 1-loop with gluinos.
?
Run to mSUSY without gluinos. Calculate |µ|, Bµ and sparticle masses at tree level.
?
SM and SUSY radiative corrections to gi(mZ), yi(mZ).
?
Run to mD3 without gluinos. Apply one loop threshold corrections to g3.
?
Run to mGUT with gluinos. Apply UV boundary conditions.
?
Run to mD3 with gluinos. Apply one loop threshold corrections to g3 and squark masses.
?
Apply one loop threshold corrections to g3 and squark masses.
?
Run to mD3. Calculate gluino and real sgluon pole masses at loop level.
?
Run to mSUSY without gluinos.
?
Calculate |µ|, Bµ and remaining sparticle pole masses at loop level.
?
Check if required precision is achieved.
yes
no
ff
?
Output spectrum for further processing.
Figure 3. Algorithm used to calculate the spectrum. Adapted from fig. 1 in [95]. Note that apart
from where it explicitly states running to a saved value of mD3, the scale is found by requiring
a solution to µ(mD3) = mD3. This typically updates with each iteration since it depends on the
behaviour of g3 whose running is determined by the location of mD3.
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Points below and to the left of these lines are excluded at the 95% Confidence Level (CL). We will
present three types of graphs in the (m0,M1/2) and (ΛG,ΛS) planes to illustrate the similarities
and differences between spectra:
• Gradients of Higgs boson masses with contours of the parameters entering into the one loop
Higgs mass approximation in eq. 1.1.
• LOSP species with mass contours of the typical candidates.
• Next to Lightest Ordinary Supersymmetric Particle (NLOSP) species.
In the MSSM the two loop contribution from gluinos gives quite a significant contribution.
Because the two loop Higgs mass has not yet been computed in the presence of a Dirac gluino,
we will not impose achieving the correct value as a strict requirement, as we would be incorrectly
ruling out viable regions of parameter space. Although the full calculation will be completed in the
future [102], the effective field theory framework used here requires a different approach. At the
gluino scale, one would need to match the theory onto a theory with broken SUSY with RGEs. This
requires removing the approximation that e.g. the stop-Higgs quartic coupling and the Higgs-top
yukawa terms remain equal along the RG flow
yt t q ·Hu ←→ |yt|2 |˜t|2|Hu|2.
Instead, the coefficients of the operators t q · Hu and |˜t|2|Hu|2 should have different RGEs below
the Dirac gluino mass. After applying threshold corrections to each coupling, flowing down from
the gluino mass to the SUSY scale would then correctly include the two loop contributions to
the Higgs mass with gluino integrated out. With the new non-SUSY RGE calculators becoming
available [93, 103], the possibility to correctly incorporate these kinds of particle threshold effects
into spectrum generators in the future is a very interesting possibility
Only a subset of the scans are presented in the body of the text. The remaining parameter
configurations can be found in appendix A. The generic dependence of the spectrum and low energy
parameters on the UV boundary conditions can be inferred by analysing the cases we present.
We first present the comparison of the CMSSM with and without a Dirac gluino. We scan
0 TeV ≤ m0 ≤ 6 TeV 0 TeV ≤M1/2 ≤ 4 TeV (4.1)
and take a moderate and large tβ = 10, 25. In the presence of a Dirac gluino, we set mD3(mGUT) =
5, 7.5, 10 TeV which, due to RG running, lead to a significant spread of physical Dirac gluino masses
that can be estimated using
mD3|approx =
[
mD3(Λ) Λ
3 g23(Λ)
8pi2
] 1
1+
3 g23(Λ)
8pi2 (4.2)
where Λ can be any scale, but is most conveniently taken as the UV scale.
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Figure 4. Higgs sector parameters in the CMSSM with tβ = 10 and mD3 fixed as indicated.
The gradient indicates the Higgs mass. The black dashed, green dashed and green solid lines are
contours of at(mSUSY), µ(mSUSY), and mSUSY respectively. All contours unless otherwise specified
are in TeV.
The first thing to note is that there is a new region of parameter space in the (m0,M1/2) plane
opening up for very low M1/2 but non-zero m0 in the presence of a Dirac gluino. This region isn’t
populated in the MSSM due to an absence of EWSB when m2H
u
isn’t pushed negative enough for
a positive |µ|2 solution; at this point in parameter space in the CMSSM one needs extra logs from
M3 to push the squark mass up along the RG trajectory. In the case of a Dirac gluino, one can
essentially ignore the need for a Majorana gluino mass, as the threshold correction on its own is
enough to lift the squark mass in the IR, triggering EWSB for even zero M1/2. Here however, the
Large Electron Positron Collider (LEP) bound on the chargino mass becomes important, putting
an experimental lower limit on M1/2 of O(100) GeV.
Higgs: In figures 4 and 16 we show the Higgs mass and the parameters entering the one loop
Higgs mass formula in eq. 1.1. Even though we are taking A0(mGUT) = 0, a non-zero value is
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Figure 5. RG evolution of dominant parameters contributing to the running of at in the CMSSM
with m0 = 4.5 TeV, M1/2 = 4 TeV, mD3 = 5 TeV and tβ = 25. Solid lines correspond to the
CMSSM and dashed lines correspond to the CMSSM supplemented with a Dirac gluino. Left: The
blue, red and black lines show the evolution of yt, g3 and M3 respectively. Right: The blue, red
and black lines show the evolution of 323 yt g
2
3M3, at
(
18 |yt|2 − 163 g23
)
and at respectively.
generated by running. In the large yt limit (see eq. B.28 for the complete expression)
16pi2β(1)at ⊃ at
[
18 |yt|2 + 16
3
(
θg˜ − 2
)
g23
]
+
32
3
yt g
2
3M3 θg˜ , (4.3)
where
θg˜ = 1 if µ ≥ mD3, θg˜ = 0 if µ < mD3. (4.4)
with the precise definitions given in appendix B. In the CMSSM without a gluino, θg˜ = 1 always
in eq. 4.3. Note that we do not observe the more negative values of at in the presence of the gluino
that were found in [104]. This can be understood by considering the running of the Majorana gluino
mass in the presence of a Dirac gluino
16pi2β
(1)
M3
= −6 g23M3 MSSM (4.5)
16pi2β
(1)
M3
= 0 MSSM with Dirac Gluino. (4.6)
Because we are taking at(mGUT) = 0 then the gluino term dominates for most of the flow, and in
the CMSSM, this term becomes larger that in the CMSSM with a Dirac gluino as demonstrated
in fig. 5. The contours of mSUSY in the presence of a Dirac gluino are increased to the minimum
squark mass possible in the model (i.e. determined by eq. 1.5). For large values of m0 and M1/2
contours of mSUSY across the different models approach each other.
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Figure 6. LOSP species in the CMSSM with tβ = 10 and mD3 fixed as indicated. The black
dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass mτ˜ in TeV.
The µ parameter is seen to increase with increasing Dirac gluino mass. This can be understood
by considering the EWSB conditions in the large tβ limit
|µ|2 = −m2H
u
− m
2
Z
2
+O(t−2β ). (4.7)
m2H
u
is driven negative by the squark soft scalar masses
16pi2β
(1)
m2H
u
⊃ 6 |yt|2
(
m2q +m
2
t
)
(4.8)
which are in turn determined by the Dirac gluino mass through eq. 1.5. The values of µ in the
MSSM for moderate (m0,M1/2) are actually lower with a Dirac gluino than without. Considering
the RG equation for yt
16pi2β(1)yt ⊃
8
3
(θg˜ − 3) g23 . (4.9)
This term causes yt to decrease in the flow from the IR to the UV. In the MSSM, the strong
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Figure 7. NLOSP species in the CMSSM with tβ = 10 and mD3 fixed as indicated.
interactions retain asymptotic freedom, whereas with a Dirac gluino present, g3 remains roughly
constant along the entire flow. In the Dirac gluino case, this causes yt to decrease much more
rapidly, and so the the integrated term of eq. 4.8 with a Dirac gluino than without.
The lower limit on squark masses translates into a lower limit on the Higgs mass. Apart from at
low (m0,M1/2) where we get a separation between the strong and electroweak sectors it is difficult
to distinguish the CMSSM with and without a gluino. The presence of a Dirac gluino allows us,
for a given Higgs mass, to realise a lighter electroweak scalar spectrum for low (m0,M1/2).
LOSP: The LOSP candidate in the presence of a Dirac gluino is essentially unchanged in the
CMSSM. The blue regions in figs. 6 and 17 have a charged stau τ˜ 1 as the LOSP and so are excluded.
The remainder of the parameter space is entirely bino-like neutralino χ˜01 LOSP, a good dark matter
candidate.
NLOSP: The NLOSP candidate in the presence of a Dirac gluino is similarly relatively un-
changed essentially when compared to the Majorana case. The light blue regions in figs. 7 and 18
have the second lightest stau τ˜ 2 as the NLOSP but are excluded as the corresponding region has a
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Figure 8. Higgs sector parameters in CGGM with tβ = 10, mMess = 10
7 GeV and mD3 fixed as
indicated. The gradient indicates the Higgs mass. The black dashed, green dashed and green solid
lines are contours of at(mSUSY), µ(mSUSY), and mSUSY respectively. All contours unless otherwise
specified are in TeV.
lightest stau τ˜ 1 LOSP. The dark blue region has lightest stau τ˜ 1 LOSP and leads to one lepton and
 ET or jets and ET in the final state, as does the red region with wino-like chargino χ˜
± NLOSP.
This chargino χ˜± is also coincident with the wino-like neutralino χ˜02 which instead leads to either
entirely ET in the final state or ET with either two leptons of opposite sign or a jet.
It is clear that nature of the light spectrum is largely unaffected by the presence of a Dirac
gluino, except that it is now possible to raise the strongly interacting sector almost7 independently
of the electroweak sector, giving some freedom to aleviate the tension with results at hadron collider
experiments to date.
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Figure 9. LOSP species in CGGM with tβ = 10, mMess = 10
7 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
4.1 Constrained General Gauge Mediation
We now present the comparison of CGGM with and without Dirac gluino. A recent comprehensive
study of the parameter space of CGGM was done in [105]. We scan
103 GeV ≤ ΛG ≤ 107 GeV 103 GeV ≤ ΛS ≤ 107 GeV (4.10)
whilst taking tβ = 10, 25 and again we again take mD3(mGUT) = 5, 7.5, 10 TeV in the presence of
a Dirac gluino. We take two messenger scales mMess = 10
7 GeV and 1012 GeV to represent short
and long periods of running.
The theoretically allowed parameter space is reduced by the presence of a Dirac gluino as is
seen in fig. 9. Although viable EWSB is occurring, the the lightest stau τ˜ 1 is being driven tachyonic
for a larger portion of the parameter space. This is induced by the Dirac gluino much for much
7There will always arise terms proportional to (16pi2)−1 log(mD3/mSUSY), and there two loop sensitivity
to the sgluon soft mass in eq. 2.6 present.
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Figure 10. NLOSP species in CGGM with tβ = 10, mMess = 10
7 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
higher UV stau mass set by eq. 2.17. This is caused by larger values of |µ|2 for a given (ΛG,ΛS)
by the threshold corrections at the Dirac gluino scale, driving the smallest eigenvalue of the stau
mass matrix
m2τ ,mat =
 m2`3,3 +D terms v (a∗τ cβ − µ yτ sβ)
v (aτ cβ − µ∗ yτ sβ) m2e3,3 +D terms
 (4.11)
negative.
Higgs: In figures 8, 20, 21 and 22 we show the Higgs mass and the parameters entering the one
loop Higgs mass formula in eq. 1.1. The characteristic properties here are essentially unchanged
from the CMSSM counterpart as we have only considered the CMSSM case A0 = 0.
LOSP: The LOSP candidates in CGGM with and without a Dirac gluino are similar to those of
the CMSSM as can be seen in figs. 9, 23, 24 and 25. The difference here is that the blue regions
that correspond to stau τ˜ 1 LOSP are now viable as the Lightest Supersymmetric Particle (LSP)
in these models is the gravitino G˜. The stau can either be long lives produce a missing energy
– 20 –
signature or it can undergo the decay τ˜ → G˜ τ inside the detector depending on its mass. If it does
decay it will lead to one lepton and ET or jets and ET . The remainder of the parameter space is
has entirely bino-like neutralino χ˜01 LOSP. This could appear a dark matter candidate on collider
time-scales, but it may also undergo the decay χ˜01→ G˜ γ. This decay is responsible for the stronger
lower bounds on the neutralino mass mχ˜01 in CGGM.
NLOSP: In CGGM we have a sneutrino NLOSP candiate in addition to those found in the
CMSSM. These are shown in figs. 10, 26, 27 and 28. This only happens without a Dirac gluino
however, as in the region where a sneutrino ν˜ NLOSP would be achieved, the lightest stau τ˜ 1
has already been pushed tachyonic. The region with sneutrino ν˜ NLOSP is ruled out by collider
searches. The remaining NLOSP candidates have the same decays as seen in the CMSSM except
that they may be accompanied by an additional photon in the final state.
4.2 Overview
Overall, one sees that when each the CMSSM and CGGM are supplemented with a Dirac gluino,
very little changes in the electroweak spectrum. This is of course by construction since the effective
theory is essentially the MSSM without a gluino. The Higgs mass however, is raised across the whole
parameter space and can be made largely independent of (m0,M1/2) or (ΛG,ΛS) at sufficiently low
values of these parameters. Note that this is different to having non-universal scalar masses and
gaugino masses, since giving a large mass to squarks and or gluinos in the UV will lead to a very
large value for µ, giving very heavy Higgsinos and non-SM-like Higgses as well as being accompanied
by considerable fine tuning. The Wino mass will also be lifted along the RG flow since
(16pi2)2βM2 ⊃ 48 (g2 g3)3M3 (4.12)
causes M2 to increase by ∼ 500 GeV for a 10 TeV Majorana gluino. A characteristic plot of the
spectra in the CMSSM with and without a Dirac gluino is shown in fig. 11. Since the overall result
is a light set of electroweak particles with the neutralino as the LOSP, the detailed phenomenology
is expected to be very similar to that of the well-tempered neutralino [106, 107]. One could also
take all of the orderings of our electroweak states and map them on to the analysis in [108].
5 Cross sections
Here we present the Leading Order (LO) cross sections at 8 and 13 TeV LHC with and without a
Dirac gluino in the CMSSM. We fixed tβ = 10, m0 = 200 GeV and scanned over
M1/2 ∈ [200, 1600] GeV CMSSM
M1/2 = 400, mD3 ∈ [500, 5000] GeV CMSSM with Dirac gluino
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Figure 11. Sparticle spectra the CMSSM (left) and the CMSSM with a Dirac gluino (right) for
the benchmark points in table 5
leading to the spread of squark masses shown in fig. 12. For disquark production, we can see that
there is suppression in the Dirac gluino case of approximately two orders of magnitude. Note that
this is only true for disquark production, but is not true for squark-antisquark production as the
dominant diagrams required for these processes do not involve the Majorana nature of gluinos as
was discussed in [44, 55].
Digluino production is only displayed for the CMSSM without a Dirac gluino, since for the
parameter space displayed, di-gluino production is kinematically forbidden in the Dirac gluino case.
Similarly, disgluon production is kinematically forbidden. The dipseudosgluon production rate,
however, is relatively high due to its light mass and its large SU(3)C charge. Since this particle
is the lightest strongly interacting sparticle and is CP-odd, it has no particles to decay into 8
in the CMSSM this will be stable particle. The pseudosgluon could possibly form colour singlet
bound states in an analogous way to the gluon-gluino bound states R0 in [109, 110]. It was also
shown in [111] that until the non-perturbative aspects of g˜ g˜ in the early universe production are
understood, is is not possible to constrain gluino LOSP as a dark matter candidate. We leave this
curious investigation for future study. In any case, the LOSP will be the dominant dark matter
component as many more of them are expected to be produced in the early universe. Direct searches
for dark matter should not be an issue as σ3 only interacts strongy, and the SU(3)C charge of the
nucleus is zero. It is also simple to allow both the sgluon and the pseudosgluon undergo the loop
decay via squarks studied in [63] by taking mD3 complex.
Finally we display the product of branching ratios approximation for the cross section for two
8This is the φO = 0 case of [63] since we have a pure pseudoscalar in our setup and therefore no σ q˜ q˜
†
couplings that allow the loop decay to gluons.
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Figure 12. LO cross sections for various processes at 8 TeV (left) and 13 TeV (right) LHC. The solid
and dashed lines indicate cross sections in the CMSSM with and without a Dirac gluino respectively.
The blue, black and purple lines indicate total disquark (q˜ i q˜j), digluino (g˜i g˜j) dipseudosgluon
production (σ3 σ3). The red lines indicate cross section × branching ratio for processes beginning
with disquark production and ending up with two jets, two same sign leptons and ET in the final
state. The cross sections were calculated using Madgraph5 aMC@NLO using the MSTW2008lo68cl
PDF set. All two and three body branching ratios were calculated using SPheno 3.3.2.
jets, two same sign leptons and missing energy
2×
[∑
i≤j
σ(p p→ u˜i u˜j)× Br(u˜i → jet + `+ + /E)× Br(u˜j → jet + `+ + /E)+∑
i≤j
σ(p p→ d˜i d˜j)× Br(d˜i → jet + `− + /E)× Br(d˜j → jet + `− + /E)
]
,
where the squark branching ratios are given by all possible combinations of kinematically allowed
decays leading to one jet, one lepton and missing energy
Br(u˜i → jet + `+ + /E) ∼ Br(u˜i → d χ˜+1 )× Br(χ˜+1 → `+ ν χ˜01) + · · · . (5.1)
Although this approximation misses effects coming from off-shell intermediate sparticles in the decay
chain that increase the cross section × branching ratio, it can still serve as an indicator of what to
expect if one simulated the high multiplicity final states fully. All branching ratios are calculated as
a function of the parameter space scanned by SPheno. All other branching ratios are SM branching
ratios which can are given in table 3. All decay products in the chain considered are displayed
in table 4. Whilst the Majorana case still allows a number of events visible at the LHC given an
integrated luminosity of 23.26 fb−1 such that the same sign lepton analyses [112] are sensitive in the
direct squark (via sleptons) models, the case with a Dirac gluino is far beyond producing any same
– 23 –
Decaying particle Decay products Branching fraction
Z invisible 0.2000± 0.0006
W+ e+ νe 0.1075± 0.0013
µ+ νµ 0.1057± 0.0015
τ+ ντ 0.1125± 0.0020
τ+ ντ e+ νe 0.1783± 0.0004
ντ µ+ νµ 0.1741± 0.0004
t− W+ b 0.91± 0.04
Table 3. SM branching ratios used in calculation of branching ratios × cross sections. All are the
world averages taken from [3].
Particle Relevant Decay Products
u˜1,...,6 d1,2,3 χ˜
+
1,2
d˜1,...,6 u1,2 χ˜
−
1,2
χ˜+2 e
+
1,...,3 ν˜ 1,2,3; ν1,2,3 e˜
+
1,...,6; W
+ χ˜01,2; Z χ˜
+
1
χ˜+1 e
+
1,...,3 ν˜ 1,2,3; ν1,2,3 e˜
+
1,...,6; W
+ χ˜01,2
χ˜02 Z χ˜
0
1
e˜−1,...,6 e
−
1,...,3 χ˜
0
1,2; ν1,...,3 χ˜
+
1
ν˜ 1,2,3 χ˜
+
1,2 e
−
1,2,3; χ˜
0
1,2 ν1,2,3
Table 4. Decays considered for the squark to one jet, one lepton and ET .
sign dileptons plus two jet events at the LHC with the current integrated luminosity. In addition,
the Majorana digluino production is the dominant process leading to two same-sign dipletons with
g˜ → 2 jets + l± + /E. This decay is simply absent with a heavy Dirac gluino.
One feature to note is that in the MSSM, there is a rise in the branching ratio × cross section
for 1 TeV squarks in both the 8 and 13 TeV cases. This doesn’t occur in with a Dirac gluino in the
parameter space studied. In the MSSM, we are raising M1/2 in order to raise the squark masses.
As this happens, a gap between the lightest chargino and the sneutrino masses opens up. The
chains that involving χ˜+1 → ν˜ `+ account for 10 % of the overall branching ratio of a squark into
one lepton, one jet and ET and only turn on once M1/2 becomes large enough. In the Dirac gluino
case this channel never opens up as we raise mD3 to raise the squark masses instead of M1/2.
6 Electroweak symmetry breaking and fine tuning
As has already been indicated, EWSB in a model with a Dirac gluino is triggered much closer to
the electroweak scale. As is well understood in most SUSY models, it is the stop mass (and at two
loops a Majorana gluino mass) that causes this to happen. The same is true with a Dirac gluino.
The difference here is that the stop mass can be negligible along the whole RG flow until the Dirac
gluino mass is reached. The supersoft contribution from integrating out the gluino is applied to the
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Figure 13. RGE of m2H
u
(blue), m2H
d
(green) and m2q˜
3,3
(red) from the GUT scale to the SUSY
scale in the CMSSM (left) and the CMSSM with a Dirac gluino (right) for the benchmark points
given in table 5
Model m0 (TeV) M1/2 (TeV) mD3 (TeV) m
(1)
h (GeV) m
(2)
h (GeV)
CMSSM 2.750 3.000 N/A 118.1 127.4
CMSSM + DG 1.875 1.000 10.00 117.3 unknown
Table 5. Benchmark points for the RGE of parameters in the CMSSM with and without a Dirac
gluino shown in figure 13.
squark masses, and they drive m2H
u
negative for the remainder of the flow through its RG equation
given in eq. 4.8. This effect is demonstrated in fig. 13. The upshot is that for a particularly large
final squark mass, there is some control over how large m2H
u
(and consequently |µ|2) is. In the
Leading Log (LL) approximation at one loop we find
m2Hu(mSUSY) = m
2
Hu
(mGUT)− β(1)m2H
u
× log
(
mGUT
mSUSY
)
≈ m20
[
1− 3 |yt|
2
4pi2
]
× log
(
mGUT
m0
)
(6.1)
in the CMSSM and
m2H
u
(mSUSY) ≈ m20 − (m20 +m2q)×
3 |yt|2
4pi2
× log
(
mD3
m0 +mq
)
(6.2)
in the CMSSM with a Dirac gluino where m2q is given by eq. 1.5. Since m
2
Hd
is so linked to the
electroweak UV sensitivity, it is reasonable to expect that Dirac gluinos have the ability to reduce
the amount of fine tuning in the presence of larger squark masses.
To quantify the impact this difference in triggering EWSB has on fine tuning, we take the
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Figure 14. Fine tuning in the CMSSM with tβ = 10 and mD3 fixed as indicated. The red, purple,
blue, and green regions correspond to µ, m0, M1/2 and mD3 as the dominant source of tuning.
measure ∆ from [113]
∆ ≡ max [Abs(∆O)] , ∆O ≡ ∂ log v
2
∂ log O (6.3)
such that ∆−1 gives a measure of how tuned the parameters O need to be tuned to achieve the
observed EWSB scale v. This was calculated at the SUSY using the routines generated by SARAH
modified to include the thresholds discussed in section 2.3.2 where appropriate. Since we are
interested in UV sensitivity, we take the Os as the set of parameters that would be fixed by the UV
model at either the GUT scale in CMSSM or the messenger scale in CGGM. These are
O|CMSSM ∈ {m0,M1/2, µ,Bµ,mD3}, O|CGGM ∈ {ΛG,ΛS ,mMess, µ,Bµ,mD3}. (6.4)
The tuning in the CMSSM for the parameter space investigated in section 4 is shown in figs.
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Figure 15. Fine tuning in the CMSSM with tβ = 10, mMess = 10
7 GeV and mD3 fixed as indicated.
The dominant source of tuning is entirely from the µ parameter.
14 and 19, and the tuning in CGGM is shown in figs. 15, 29, 30 and 31.
In the CMSSM and in CGGM it is observed that, for a given Higgs mass, new points exist
with a reduction in fine tuning of typically up to a factor of two or three. In the CMSSM also a line
of points opening up with moderately large Higgs mass mass but low (∆ ∼ 200) fine tuning. These
points occur where the two terms in eq. 6.2 approximately cancel, giving low — O(0.5− 1 TeV) —
values of mH
u
and µ. The strip is very thin, since an increase in either m0 or M1/2 makes the right
hand side become more positive in eq. 6.2, leaving no EWSB and decreasing m0 or M1/2 leads to a
reduction in the Higgs mass. Unfortunately since these points are at very low values of M1/2 that
give rise to neutralino and chargino masses that are excluded by LEP.
The reduction in tuning in CGGM is less drastic than that seen in the CMSSM. This is because
the mechanism reduces tuning through making logarithms smaller. Where in the CMSSM we have
the log reduced log(mGUT/mSUSY)→ log(mD3/mSUSY), whereas in CGGM this is only the factor
log(mMess/mSUSY) → log(mD3/mSUSY). Similarly, the reduction in fine tuning in CGGM is less
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drastic in the case of the lower messenger scale than the higher messenger scale. In the CMSSM
one can see the full range of UV parameters becoming the dominant source of tuning whereas
in CGGM it is mainly the µ parameter across the entire space. However, in both the CMSSM
and CGGM, all the underlying UV parameters considered do have associated tunings across the
respective parameter spaces.
7 Conclusions
We have constructed a set of simple UV models with the supersoft mechanism introduced in [16]
by extending the MSSM field content by only what was required to give the gluino a Dirac mass.
We then performed the first implementation of the supersoft mechanism into a state of the art
spectrum generator and carried out an analysis of the spectra, the production rates at LHC8 and
LHC13, and fine tuning.
In the presence of a Dirac gluino, we find that it is possible to essentially decouple the strong
sparticles without affecting the electroweak spectrum except that one finds that the pseudosgluon
usually remains light and may even be a novel dark matter candidate by forming neutral bound
states with other strongly interacting particles.
The decoupling of the strongly interacting sparticles from the electroweak sparticles has been
shown to give a handle on the production cross sections at the LHC. Using a product of branching
ratios approximation, we have shown that the Dirac gluino completely removes the same sign dilep-
ton sign dilepton as a visible signature in current LHC data. A full simulation of the decay chain
needs to be done to confirm this and it should also include the usually subdominant purely elec-
troweak contributions to these events as these may now be important. It would also be interesting
to investigate how many charginos and neutralinos are still produced in these cases with t-channel
squarks.
Taking account the spectra and cross section suppression, we find that the final states of these
models at the LHC are therefore altered in the following way:
• The number of events involving the Majorana gluino propagator are suppressed by roughly
two orders of magnitude. This includes the same sign dilepton events.
• Events involving the pair production of gluinos are absent.
• The mass hierarchy between the strong and electroweak sectors causes hard jets in a SUSY
cascade to be harder than usual.
• LOSP candidates are typical, yielding a number of leptons and missing energy in the final
stages of a cascade. In the case of CGGM this may also include the emission of a photon.
• The number of events with jets and missing energy will increase in the case of a stable
pseudosgluon.
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Unfortunately there are no smoking gun signatures for these models. Their main distinguishing
characteristic is that there are different numbers of each type of visible event compared to models
without a Dirac gluino — generally fewer. Note that for models of this type, a new lepton collider
such as the International Linear Collider (ILC) or Compact Linear Collider (CLIC) would be able to
simply bypass the strong sparticle sector and directly probe the much lighter accessible electroweak
states.
Finally, the allowed tuning in these models is found to reduced. In allowed regions of parameter
space, the reduction for a given Higgs mass is generally by a factor of two or three, although one
has to keep in consideration that a reduction in fine tuning is being achieved whilst the gluino mass
is being taken up to ten times of greater that which is usually considered for precisely reasons of
tuning.
There are two obvious extensions of this study:
• The accuracy of the Higgs mass calculation needs improving in order to say something more
concrete and more tightly constrain the model. In order to achieve this, the full set of general
broken SUSY two loop RGEs should be used below the Dirac gluino mass, allowing a two
loop accurate Higgs mass prediction. This should be possible with the general two loop
RGE calculators on the market [93, 103]. Since these calculations are in MS scheme, one
would need to take care to convert to the DR scheme before implementing them into a SUSY
spectrum generator [114].
• In our study of the CMSSM, we kept the A terms zero for simplicity. As was noted in [104],
the presence of additional scalar octets allows g3 to remain much larger over the RG flow,
and can consequently generate large negative A terms in the IR providing one starts with a
negative A term. This model has the potential to reduce tuning much further by allowing a
reduction in the squark masses and at the same time the length of flowing between the Dirac
gluino mass and the SUSY scale.
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A Additional plots
A.1 Constrained Minimal Supersymmetric Standard Model
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Figure 16. Higgs sector parameters in the CMSSM with tβ = 25 and mD3 fixed as indicated.
The gradient indicates the Higgs mass. The black dashed, green dashed and green solid lines are
contours of at(mSUSY), µ(mSUSY), and mSUSY respectively. All contours unless otherwise specified
are in TeV.
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Figure 17. LOSP species in the CMSSM with tβ = 25 and mD3 fixed as indicated. The black
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Figure 18. NLOSP species in the CMSSM with tβ = 25 and mD3 fixed as indicated
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Figure 19. Fine tuning in the CMSSM with tβ = 25 and mD3 fixed as indicated. The red, purple,
blue, and green regions correspond to µ, m0, M1/2 and mD3 as the dominant source of tuning.
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A.2 Constrained General Gauge Mediation
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Figure 20. Higgs sector parameters in CGGM with tβ = 25, mMess = 10
7 GeV and mD3 fixed as
indicated. The gradient indicates the Higgs mass. The black dashed, green dashed and green solid
lines are contours of at(mSUSY), µ(mSUSY), and mSUSY respectively. All contours unless otherwise
specified are in TeV.
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Figure 21. Higgs sector parameters in CGGM with tβ = 10, mMess = 10
12 GeV and mD3 fixed as
indicated. The gradient indicates the Higgs mass. The black dashed, green dashed and green solid
lines are contours of at(mSUSY), µ(mSUSY), and mSUSY respectively. All contours unless otherwise
specified are in TeV.
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Figure 22. Higgs sector parameters in CGGM with tβ = 25, mMess = 10
12 GeV and mD3 fixed as
indicated. The gradient indicates the Higgs mass. The black dashed, green dashed and green solid
lines are contours of at(mSUSY), µ(mSUSY), and mSUSY respectively. All contours unless otherwise
specified are in TeV.
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Figure 23. LOSP species in CGGM with tβ = 25, mMess = 10
7 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
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Figure 24. LOSP species in CGGM with tβ = 10, mMess = 10
12 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
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Figure 25. LOSP species in CGGM with tβ = 25, mMess = 10
12 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
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Figure 26. NLOSP species in CGGM with tβ = 25, mMess = 10
7 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
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Figure 27. NLOSP species in CGGM with tβ = 10, mMess = 10
12 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
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Figure 28. NLOSP species in CGGM with tβ = 25, mMess = 10
12 GeV and mD3 fixed as indicated.
The black dashed and black solid lines are contours of lightest neutralino mass mχ˜01 and stau mass
mτ˜ in TeV.
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Figure 29. Fine tuning in CGGM with tβ = 25, mMess = 10
7 GeV and mD3 fixed as indicated.
The red and blue regions correspond to µ and ΛS as the dominant source of tuning.
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Figure 30. Fine tuning in CGGM with tβ = 10, mMess = 10
12 GeV and mD3 fixed as indicated.
The dominant source of tuning is entirely from the µ parameter.
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Figure 31. Fine tuning in CGGM with tβ = 25, mMess = 10
12 GeV and mD3 fixed as indicated.
The red and blue regions correspond to µ and ΛS as the dominant source of tuning.
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B Renormalisation Group equations with Dirac gluino decoupling
These RGEs were calculated using a combination of SARAH, PyR@TE [103] and results from [115, 116].
We decouple the gluino and the sgluons at renormalisation scales µ below µ(mD3) = mD3 ≡ mD3.
We therefore define
θg˜ = 1 if µ ≥ mD3, θg˜ = 0 if µ < mD3. (B.1)
Decoupling is achieved at two loop accuracy for the gauge coupling for all particles, whereas the
decoupling for the remaining terms is correct to one loop for all particles and correct to two loop
for the sgluons and right handed gluino.
B.1 SUSY parameters
Gauge couplings
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3
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Yukawa couplings
β(1)yd = 3ydy
†
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[
− 3g22 + 3 tr
(
ydy
†
d
)
+
8
3
(
θg˜ − 3
)
g23 −
7
15
g21 + tr
(
yey
†
e
)]
+ ydy
†
uyu, (B.8)
β(2)yd =
4
5
g21ydy
†
uyu − 4ydy†dydy†dyd − 2ydy†uyuy†dyd − 2ydy†uyuy†uyu
+ ydy
†
dyd
[
6g22 − 3 tr
(
yey
†
e
)
− 9 tr
(
ydy
†
d
)
+
4
5
g21
]
− 3ydy†uyu tr
(
yuy
†
u
)
+ yd
[287
90
g41
+ g21g
2
2 +
15
2
g42 +
8
9
g21g
2
3 + 8g
2
2g
2
3 +
128
9
g43 −
2
5
(
g21 − 40g23
)
tr
(
ydy
†
d
)
+
6
5
g21 tr
(
yey
†
e
)
− 9 tr
(
ydy
†
dydy
†
d
)
− 3 tr
(
ydy
†
uyuy
†
d
)
− 3 tr
(
yey
†
eyey
†
e
)]
, (B.9)
β(1)ye = 3yey
†
eye + ye
[
− 3g22 + 3 tr
(
ydy
†
d
)
− 9
5
g21 + tr
(
yey
†
e
)]
, (B.10)
β(2)ye = −4yey†eyey†eye + yey†eye
[
− 3 tr
(
yey
†
e
)
+ 6g22 − 9 tr
(
ydy
†
d
)]
+
1
10
ye
{
3
[
45g41 + 6g
2
1g
2
2 + 25g
4
2 + 4g
2
1 tr
(
yey
†
e
)
− 30 tr
(
ydy
†
dydy
†
d
)
− 10 tr
(
ydy
†
uyuy
†
d
)
− 10 tr
(
yey
†
eyey
†
e
)]
− 4
(
− 40g23 + g21
)
tr
(
ydy
†
d
)}
, (B.11)
β(1)yu = 3yuy
†
uyu −
1
15
yu
[
13g21 + 45g
2
2 − 45 tr
(
yuy
†
u
)
+ 40
(
3− θg˜
)
g23
]
+ yuy
†
dyd, (B.12)
β(2)yu =
2
5
g21yuy
†
uyu + 6g
2
2yuy
†
uyu − 2yuy†dydy†dyd − 2yuy†dydy†uyu
− 4yuy†uyuy†uyu + yuy†dyd
[
− 3 tr
(
ydy
†
d
)
+
2
5
g21 − tr
(
yey
†
e
)]
− 9yuy†uyu tr
(
yuy
†
u
)
+ yu
[2743
450
g41 + g
2
1g
2
2 +
15
2
g42 +
136
45
g21g
2
3 + 8g
2
2g
2
3 +
128
9
g43
+
4
5
(
20g23 + g
2
1
)
tr
(
yuy
†
u
)
− 3 tr
(
ydy
†
uyuy
†
d
)
− 9 tr
(
yuy
†
uyuy
†
u
)]
. (B.13)
SUSY masses
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B.2 SUSY breaking parameters
Majorana gaugino masses
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Dirac gluino mass
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Trilinear Soft-Breaking Parameters
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Bilinear Soft-Breaking Parameters
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Soft-Breaking Scalar Masses
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√
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√
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β
(1)
m23
= −24g23 |M3|2 θg˜ , (B.53)
β
(2)
m23
= 24g43
(
15|M3|2 θg˜ + σ2,3
)
. (B.54)
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